Introduction
kines to HPC cultures may promote lineage-specific difThe maintenance and manipulation of hematopoietic proferentiation of CD34 + cells, [3] [4] [5] loss of the ability to differgenitor cells (HPCs) in vitro has broad implications for entiate into specific lineages, 6 or the inhibition of the many areas of biology and medicine. Efforts to develop ability of cultured bone marrow cells to repopulate these capabilities have encountered numerous obstacles, irradiated recipients. [7] [8] [9] [10] These findings suggest that including maintaining stem cell pluripotency and exogenous cytokines may alter the ability of primitive viability in vitro. Maintenance of the characteristics of HPCs to differentiate into multilineage progeny, 11 and HPCs can be adversely affected by in vitro culture, have raised questions about the potential adverse effects including protocols established for retroviral transducof the use of cytokines to enhance retroviral transduction. tion of these cells. Suspension cultures of HPCs without
In order to maintain pluripotent hematopoietic probone marrow stroma has proved relatively ineffective in genitor cells in vitro, alternative approaches have used sustaining these cells for extended periods in vitro. This stromal cells on to which HPCs are seeded. In this conmay be a consequence of the absence of the natural threetext, irradiated bone marrow stroma cells have been dimensional topography and obligate, yet poorly defined shown to maintain hematopoietic progenitors during in characteristics of the bone marrow environment in vivo. 1 vitro culture. 12 Stromal cell layers may also facilitate the These factors may include not only cytokines and hemamaintenance of LTCIC 13 and increase transduction of topoietic growth factors, but also interactions of HPCs HPC and LTCIC by retroviral vectors. 14 However, conwith cell surface molecules and the extracellular matrix. 2 cerns have been raised about the potential risks of infecEfforts to advance the in vitro culture of HPCs have tion and immune reactions associated with nonautologexamined the effects of exogenous cytokines and various ous bone marrow stroma. The use of acellular stromal substrates, including bone marrow stroma and fibroneccomponents, such as fibronectin have been shown to tin on HPC survival and differentiation. Such studies enhance retroviral transduction. 15 However, the use of fibronectin alone may not sufficiently replace the factors present in the in vivo microenvironment required to sus-maintaining hematopoietic stem cell viability and pluriexpression of CD34 and CD38 is shown in Figure 1a . potency has led to investigations of the effects of threeUnder these conditions, the percentage of CD34 + nonaddimensional structures on HPCs. Three-dimensional herent cells recovered from TCPB cultures was 46 ± 5% devices made of synthetic polymers have been shown to (mean ± s.d., n = 3), while BMS cultures yielded only support HPC survival, proliferation and multilineage about 30 ± 5% CD34 + cells (mean ± s.d., n = 3) (P = 0.03) differentiation. [16] [17] [18] Such systems have also proved useful ( Figure 1 Figure 1c ) (TCPB: 64 ± 8%; BMS evaluated a three-dimensional TCPB device for use as an 41 ± 6%) (P = 0.02). These findings demonstrate that in vitro culture system for rhesus macaque hematopoietic while the culture of CD34 + cells in TCPB yields total cell progenitor cells. The rhesus macaque is considered to be numbers similar to that obtained by coculture with one of the most suitable large animal models to study BMS, greater percentages of CD34 + and phenotypically hematopoiesis and its related disorders. 21 The close immature CD34 + /CD38 − are maintained with TCPB phylogenetic relationship of macaques with humans, as units as compared with BMS over short periods in the well as their use as a model for preclinical stem cell gene absence of exogenous cytokines. therapy, represents additional advantages. 22 The exten-A separate analysis of the adherent cellular fraction sive use of the rhesus macaque in the investigation of the was performed to evaluate whether the observed differpathogenesis of SIV infection, as well as for establishing ences in the yield of CD34 + and CD34 + 38 − cells might strategies for gene therapy, has further defined it as a be due to differences present in the adherent fraction suitable model for human disease. 23 We 
Data are representative of two replicate assays per experiment. All cultures were innoculated with 2.5 × 10 5 CD34 + cells at day 0. TCPB, tantalum-coated porous biomaterial. *P = 0.03, compared with bone marrow stroma. **P = 0.004, compared with bone marrow stroma.
Multilineage differentiation of CD34
+ HPC cultured in in the absence of exogenous cytokines retains the ability to differentiate into multiple hematopoietic lineages, TCPB We next examined whether TCPB could preserve the including myeloid, erythroid and lymphoid progeny, and can thus be termed multipotent. ability of CD34 + cells to differentiate into multiple lineages in vitro. To address this question, methylcellulose assays were performed in which equivalent numbers Enhanced short-term HPC transduction using TCPB cultures of cells isolated from 3-day TCPB and BMS cultures, without cytokines, were inoculated into standard methylIn addition to maintenance of HPC viability and pluripotency, an important aim of stem cell gene therapy is the cellulose cultures and evaluated for the generation of BFU-E and CFU over 10-14 days. Nonadherent and introduction of genes into stem cells and primitive hematopoietic progenitor cells. To examine if TCPB was capadherent cells were pooled for use in functional assays. As shown in Figure 2 , HPCs cultured in TCPB units able of supporting transduction of HPCs using a retroviral vector, we performed a series of experiments in which yielded erythroid and myelomonocytic colonies at frequencies similar to BMS cultures. The frequency of both equal numbers of CD34 + cells seeded in TCPB, BMS or plastic alone, and in the absence or presence of exogen-BFU and CFU is similar to that previously observed by others. 26, 27 ous cytokines, were transduced over a 3-day period with a neomycin resistance-containing vector. Transduction To assess further the ability of bulk CD34
+ cells cultured for 3 days in the different systems to generate proefficiency was assessed by the growth of resistant colonies in CFU assays in the presence of the neomycin analog geny of multiple hematopoietic lineages, we performed an in vitro T cell differentiation assay in which rhesus G418 (400 g/ml active concentration) using equal numbers of cells isolated from each culture. Assays were perthymus tissue was used to support the differentiation of T cells. 28 For these studies, the ability to sustain T cell formed in duplicate and scored independently by two blinded investigators. As shown in Table 3 for a represenlymphopoiesis was evaluated using cells isolated after short-term culture in TCPB units coated with fibronectin.
tative experiment, TCPB cultures consistently yielded a greater percentage of G418-resistant myeloid colonies Parallel control experiments were performed using cells isolated after short-term culture in the presence of bone compared with identical cultures on BMS or plastic, both in the presence and absence of exogenous cytokines. marrow stroma. After 14 days, the TCPB and BMS cultures led to the production of approximately equal numImportantly, the percentage of cells transduced was consistently greater in TCPB than in BMS or plastic. Transbers of CD4 + CD8 + , CD4 + CD8 − cells and CD4 − CD8 + cells (Table 2 ). These data demonstrate that the pool of CD34 + duction efficiency in TCPB in the absence of cytokines was 100% greater than plastic (P = 0.02) and 28% greater cells recovered from TCPB units after 3 days of culture units can support HPC transduction in vitro and that high levels of transduction efficiency can be achieved in TCPB in the absence of exogenous cytokines.
Recent studies have demonstrated that HPC transduction efficiency can be enhanced by the presence of fibronectin or fibronectin fragments. 2, 15 To examine if the presence of fibronectin affected the transduction efficiency in TCPB, we compared the efficiency of transduction using TCPB units coated with fibronectin with the efficiency of fibronectin-coated plastic dishes. In the absence of exogenous cytokines, the addition of fibronectin to plastic resulted in only a marginal increase in transduction efficiency, whereas a moderate increase in transduction was observed with the addition of fibronectin to (Table 3) . observed with the addition of cytokines to fibronectincoated TCPB cultures (Table 3) . Collectively, these data demonstrate that TCPB facilitates greater transduction efficiencies than BMS or plastic dishes, and that fibronecthan the efficiency in BMS (P = 0.05). While the addition of exogenous cytokines to plastic and BMS improved tin can improve transduction efficiencies in all systems examined in this study. transduction efficiency (mean 75 and 25% greater enhanced transduction efficiency, respectively) compared with cultures without cytokines, the transduction Enhanced LTCIC transduction using TCPB cultures While measurement of colony formation in methylcelluefficiency in cytokine-supplemented TCPB was essentially unchanged. These findings demonstrate that TCPB lose cultures provides an estimation of pluripotency, a In vitro T cell differentiation of HPCs cultured in TCPB units or cocultured with bone marrow stroma for 3 days. Following short-term culture, HPCs were recovered and cocultured with rhesus thymic stroma. After 14 days, T cell differentiation was evaluated via the detection of surface CD3, CD4 and CD8 expression on cells recovered from these cultures. Data are representative of two independent experiments. G418-resistant (G418 R ) CFU were determined following culture in methylcellulose with 400 g/ml G418 (active concentration). The data presented for CFU are the average of two replicate wells for each experiment. BMS, bone marrow stroma; TCPB, tantalum-coated porous biomaterial; ND, not done. critical tenet of HPC gene therapy is the effective transcentages of transduced myeloid colonies than fibronectincoated plastic (Table 3) . duction of long-lived HPCs, as opposed to the short-lived committed progenitors assessed in many in vitro assays.
at 3 days (a-d); 7 days (e and f) and 10 days (g and h). The surface
Transductions were performed for 3 consecutive days with the PG13/LN retroviral vector containing a neoWhile there is controversy as to which in vitro assay, if any, provides an appropriate evaluation of retroviral mycin resistance gene. Following transduction in TCPB units, cells were harvested and washed. Equal numbers transduction of true HPCs, assessment of the introduction of genes into LTCIC is a widely accepted approach were then replated on irradiated bone marrow stroma. After 5 weeks, colony forming ability was assessed in to examine transduction of primitive HPC.
14 The presence of LTCIC is measured by analysis of the ability of CFU assays in the presence or absence of G418. Similar numbers of colonies were observed in both culture conprogenitor cells to give rise to myelomonocytic and erythroid colonies following 5 weeks of culture on bone ditions (BMS 210 ± 22, mean ± s.d.; TCPB 190 ± 15). This demonstrates no significant difference in the generation marrow stroma. 26 To examine LTCIC transduction, we compared the transduction efficiency of primate CD34 + of LTCIC between the two systems. However, as shown in Figure 3 , the transduction efficiency of LTCICs using cells in fibronectin-coated TCPB units with the transduction efficiency of CD34 + cells cultured in bone marrow TCPB was 52 ± 5%, compared with the 30 ± 6% efficiency obtained with bone marrow stroma (P = 0.008). These stroma in the absence of exogenous cytokines. We chose these conditions because our earlier findings indicated findings indicate that TCPB units improved transduction of LTCICs compared with bone marrow stroma. that cytokines diminish the multipotency of cultured HPCs and that fibronectin coating of TCPB improves transduction efficiency as assessed in the CFU assay.
Discussion
LTCIC transduction was not examined in fibronectincoated plastic because in the absence of cytokines, bone
The ability to support hematopoietic stem cell survival and manipulation in vitro is an important goal of stem marrow stroma cultures consistently yielded greater per-similarity exists, allogeneic BMS is unlikely to be used in clinical protocols, making the development of suitable acellular systems all the more important. It is important to note that these data reflect the functional behavior of a bulk population of CD34 + cells with respect to the generation of multiple lineage progeny. Furthermore, bulk CFU assays are not entirely quantitative, nor do they address the issue of single cell multipotency. Collectively, our findings raise the possibility that TCPB units may aid in maintaining HPC viability, immaturity and pluripotency in vitro, with the additional advantage of facilitating improved retroviral transduction.
Conventional cell culture systems typically support the growth of cells on two-dimensional surfaces. While convenient, such systems face several significant limitations. One important implication of cell culture in plastic dishes is that cells can generally be grown only in horizontal monolayers. Such two-dimensional growth poorly approximates the three-dimensional environments in which cells live in vivo. Cells grown in two-dimensional systems may experience significant alterations in cell-cell contacts and cell-substrate interactions. Limitations in cell viability may also arise from the restriction of nutrient access to the apical region of cells, as well as from changes in cellular metabolism as they become crowded.
The ability of TCPB to support multipotency in vitro in the absence of exogenous cytokines may underscore the importance of three-dimensional environments that mimic the in vivo milieu in culturing HPCs. In this regard, ents. 19, 20 The absence of an appropriate microenvironment architecture in monolayer culture systems may be one reason that the addition of cytokines is instrumental cell research. Observations that three-dimensional culture systems can foster stem cell survival and maintain stem in supporting the growth of hematopoietic progenitors in these systems. Furthermore, in independent observations cell pluripotency support the hypothesis that approximation of in vivo hematopoietic microenvironments may we have demonstrated that the addition of exogenous cytokines (IL-3, IL-6 and SCF) to cultures markedly be critical to successful in vitro HPC culture. In this report, we have shown that TCPB units may help in inhibited T cell differentiation as determined by an in vitro T cell differentiation assay. 29 Previous observations maintaining primitive HPC, multipotency and LTCIC survival, and retroviral transduction in vitro. Specifically, have also shown that the addition of cytokines such as IL-3, SCF and G-CSF leads to a reasonable short-term we found that compared with conventional culture systems, TCPB cultures yielded greater percentages of expansion of cell numbers, but a loss of the immature CD34 + cells. [30] [31] [32] These findings are in agreement with CD34 + and CD34 + /38 − cells and better transduction efficiencies of short-term cultured HPCs and LTCICs. The those of previous investigations showing that exogenous cytokines may stimulate stem cell proliferation and difaddition of fibronectin improved HPC transduction efficiencies in all culture systems, a finding demonstrated ferentiation. 3, 4, 5, 9 Such effects may lead to reductions in LTCIC numbers and to limitations in long-term previously by others. 15 Importantly, we found that these results were particularly pronounced in the absence of engraftment and reconstitution. The use of supplemental cytokines has also been shown to reduce the homing of exogenous cytokines. The finding of relative enhancement of CD34
+ /CD38 − cell numbers in TCPB cultures stem cells to long-lived niches in bone marrow which may be a consequence of cytokine-induced changes in compared with bone marrow stroma in the absence of cytokines raises the possibility that a three-dimensional HPC proliferation and/or differentiation. 1 These observations have important implications for the ability to culture device may promote the survival of immature HPCs. Furthermore, in the absence of exogenous cytoachieve reconstitution and lasting therapeutic efficacy in gene therapy protocols, and are consistent with the kines, TCPB was found to sustain multipotency of the bulk CD34
+ population, as assessed by methylcellulose hypothesis that cytokine-induced proliferation of HPCs may alter their pluripotency. Rather, the relative quiesand in vitro T cell differentiation assays, which demonstrated that hematopoietic progenitors cultured in the cence and the regulated division of stem cells at some low levels in vitro may promote their survival and may TCPB microenvironment are capable of generating myeloid, erythroid and lymphoid progeny in vitro. In this aid in the ability successfully to transduce them. While the use of stromal layers may provide biologiregard, TCPB cultures perform similarly to BMS cultures. However, it is important to emphasize that while this cally relevant concentrations of growth factors produced 934 by cocultured stromal cells, such approaches have constained in the presence of staining medium (PBS with 2% mouse serum). After antibody staining the cells were siderable drawbacks, both in the difficulty and cost of production as well as in the possibility of eliciting either analyzed while viable in staining media or fixed with fresh 2% paraformaldehyde. Flow cytometry analyimmune reactions or of causing infections in transplanted hosts. Further, considerable heterogeneity may exist sis of the cells was performed using a FACScan (Becton Dickinson). Four-color analysis was performed on a between independent preparations of stroma which may introduce variability in stem cell survival or manipu-FACS Vantage (Becton Dickinson). lations. While we did not directly examine the influence of stromal cells on HPC survival in TCPB, TCPB is able Cell culture CD34 + cells were inoculated at 2 × 10 5 cells/ml in 1 ml of to support the growth of bone marrow stroma cells (MJP, personal observation) and could be utilized in instances RPMI/10% fetal bovine serum into each TCPB Cytopore unit (Cytomatrix, Cambridge, MA, USA) that had been in which stromal cell coculture with HPCs is desired. Our findings suggest that three-dimensional culture syspresaturated with an additional 1 ml of RPMI. Cultures were grown at 37°C with 5% CO 2 . Parallel cultures using tems may offer advantages in the in vitro preservation of the natural characteristics of HPCs. Further, utilization plastic dishes coated with fibronectin or bone marrow stroma were also performed with 2 ml medium total. of such systems may avoid the side-effects of cytokine augmentation. The use of three-dimensional culture
Where indicated, cultures were performed in the presence of the following cytokines: IL-3 (100 ng/ml); IL-6 (20 environments as described in this report may lead to improvements in HPC maintenance and manipulation, ng/ml); stem cell factor (SCF; 100 ng/ml) (all Genzyme, Cambridge, MA, USA). advances that may have implications for both basic science and clinical medicine. In particular, a culture system that provides an acellular, cytokine-free support sysColony assay Bone marrow mononuclear cells were isolated as tem, that performs at least as efficiently if not better than BMS with respect to retroviral transduction and the presdescribed above and resuspended in DMEM (2% FCS, 10 IU/ml penicillin, 10 g/ml streptomycin) at 1 × 10 6 entation of multipotency is important in the development of protocols that may be used in large-scale clinical trials. cells/ml. CD34 + cells isolated from 3-day cultures were resuspended at 1 × 10 4 cells/ml. Equal numbers of CD34 + cells from 3-day cultures were added to complete methyl-
Materials and methods
cellulose media with cytokines (IL-3, GM-CSF, erythropoietin, SCF) (Stem Cell Technologies, Vancouver, BC, Bone marrow harvest and CD34 cell isolation Canada) supplemented with 10 ng/ml IL-3. Assays were Heparinized bone marrow was harvested from the posperformed in scored 35 × 100 mm Petri dishes in dupliterior iliac crest of colony-born rhesus macaques (Macaca cate at 37°C, 5% CO 2 for 10-21 days. After 10-21 days, mulatta). All animal procedures were performed under the number of colonies was determined by manually protocols approved by the Harvard Medical School Anicounting using an inverted light microscope. Positive colmal Use Committee and in accordance with the Guide onies were scored on the basis of an accumulation of 20 for the Care and Use of Laboratory Animals (DHHS Pubor more cells, using standard morphologic criteria. . Rhesus macaques Burst forming units-erythroid (BFU-E) were scored after were anesthetized with ketamine (10-20 mg/kg 14-21 days on the basis of a gold-brown pigment, indicaintramuscularly) and 1% xylocaine subcutaneously at the tive of hemoglobin; CFU-GM were predominantly transbone marrow aspirate site. Mononuclear cells were separparent. Mixed colonies contained both pigmented and ated by centrifugation on Ficoll (Ficoll 1077; Sigma, St unpigmented cells. Counts were performed in duplicate. Louis, MO, USA) and remaining erythrocytes were lysed Cultures were set up in duplicate assays. G418 was using 0.15 m ammonium chloride. Cells were cultured at added to one of the replicate colony assays at 400 g/ml 37°C overnight on polystyrene. CD34 + cells were purified (active concentration). Transduction efficiency was calcuusing a magnetic anti-human CD34 + bead that crosslated by dividing the number of G418-resistant CFU by reacts with rhesus CD34 (Dynal, Lake Success, NY, USA) the total number of CFU for each culture condition examand separated from these beads using an anti-idiotype ined. We have previously described that DNA PCR perantibody (DETACHABEAD; Dynal) according to the formed on G418-resistant CFU transduced as described manufacturer's protocol. The purity of CD34 + cells below, confirmed the presence of the neo gene in Ͼ95% obtained using this technique ranged from 93-95%. Purof colonies examined (n Ͼ 100). 34 ified CD34 + cells were depleted of CD3 + cells by incubation with a CD3-specific antibody (6G12, kindly proRetroviral transduction vided by Dr Johnson Wong, Massachusetts General CD34 + cells were transduced continuously for 3 days Hospital). 33 with the LN retroviral vector produced in a packaging cell line expressing the gibbon ape leukemia virus envelope (PG13/LN c8 produced by D Miller, Fred HutchinSurface phenotype determination by flow cytometry Surface phenotype determination was performed using son Cancer Research Center, obtained through the American Type Tissue Collection, CRL 10685). 35 The retroviral anti-CD45 (Dako, Carpinteria, CA, USA), anti-CD34 (QBend-10; Immunotech, Larrabee, ME, USA), anti-HLAvector producer cell line PG13/LN was grown in an artificial capillary system (ACS; Cellco, Germantown, MD, DR (Becton Dickinson, San Jose, CA, USA), anti-CD38 (OKT10; ATCC, Rockville, MD, USA) and anti-Thy-1 USA). Transductions, using frozen supernatants with a titer of 4 × 10 5 CFU/ml as determined on COS cells, were (Pharmingen, San Diego, CA, USA) antibodies. To examine T cell differentiation, we used anti-CD3 (6G12), antiperformed in TCPB units, in plastic dishes, or in the presence of bone marrow stroma. Bone marrow stroma was CD4 (OKT4) and anti-CD8 (51.1; ATCC). Cells were previously established by growth in myeloid long-term via vigorous pipeting of each well, and subsequent washing with an additional 2 ml of medium. Adherent cells culture medium (Stem Cell Technologies) with 10 −6 m hydrocortisone (Sigma) and gamma irradiated (15 Gy) were pooled with the nonadherent cells and washed twice. Each tube was centrifuged at 300 g for 10 min at after 7-14 days of culture before replating. Transduction efficiencies were also examined using plastic dishes and 4°C. Supernatant was discarded, and the cells were used to seed methlycellulose CFU assays by replating them in TCPB units coated with fibronectin (Boehringer Mannheim, Indianapolis, IN, USA). Plastic dishes were 2 × 35 mm plates in 3 ml of methylcellulose medium (Stem Cell Technologies) with the addition of IL-3 (20 coated with fibronectin before experiments by incubating the dish with 1 ml of fibronectin (10 g/ml) for 1 h at ng/ml), SCF (50 ng/ml), erythropoietin (3 U/ml) and GM-CSF (30 g/ml). Plates were returned to 37°C for 14-room temperature, followed by washing, blocking with PBS with 2% BSA for 30 min at room temperature, and 21 days, and scored at 14 and 21 days. Colonies were scored using the criteria described above. a final extensive washing. Similarly, TCPB units were coated with fibronectin (10 g/ml) and incubated for 1 h, followed also by washing, blocking and re-washing. At
Statistical analysis Data were analyzed by a Student t test. A P value of less the time of culturing, TCPB units presaturated with 1 ml of RPMI with 10% fetal bovine serum were seeded at a than 0.05 was considered significant. density of 2 × 10 5 cells per unit. Control cultures also contained 1 ml of medium. After 3 days of transduction, non-cells/ml. Stroma was maintained for up to 10 days at well. After 10 min at 37°C, adherent cells were collected
